INTRODUCTION
============

Caveolae are 60- to 80-nm invaginations in the plasma membrane of mammalian cells that house proteins of the caveolin and cavin families ([@B62]; [@B6]). The caveolin protein family has three members. Caveolins-1 and -2 are coexpressed in a variety of cell types and can hetero-oligomerize with each other, whereas caveolin-3 is muscle specific ([@B62]). Caveolin-2 requires caveolin-1 for cell surface transport and caveolae formation. Caveolin-1 knockout mice have greatly reduced levels of caveolin-2 and lack caveolae outside muscle ([@B42]).

Four previously identified genes were recently shown to form the cavin family. Polymerase I and transcript release factor (PTRF)/cavin-1 was identified previously as polymerase I and transcript release factor ([@B31]; [@B44]). PTRF/cavin-1 and the other three members of the cavin family (serum deprivation protein response \[SDPR; also called cavin-2\]; serum deprivation response-related gene product that binds to C kinase \[also called cavin-3\]; and muscle-restricted coiled-coil protein \[also called cavin-4\]) can form a complex in the cytosol and on caveolae ([@B6]; [@B28]). Membrane recruitment of this complex requires caveolin-1.

Caveolins, which have long been known to be required for caveolae formation ([@B62]), have an unusual topology. A central hydrophobic domain is flanked by hydrophilic N- and C-terminal domains that are both cytosolic. A similar structural motif allows reticulon proteins to deform the endoplasmic reticulum (ER) into tubules, suggesting that the hydrophobic hairpin in caveolins may form caveolae by the same mechanism ([@B88]; [@B89]). Recent results showed that PTRF/cavin-1 and SDPR/cavin-2 are also required for caveolae formation ([@B31]; [@B45]; [@B28]). In the absence of PTRF/cavin-1, caveolin-1 has a smooth, uniform distribution in the plasma membrane ([@B31]).

Interactions with the actin cytoskeleton normally immobilize caveolae in the plasma membrane ([@B65]; [@B94]). However, caveolae can undergo endocytosis in response to stimuli including alterations of membrane lipid composition ([@B86]) and binding of viruses such as simian virus 40 ([@B64]). Internalized caveolae form caveolin-1--positive vesicles that move rapidly in a microtubule-dependent manner ([@B52]; [@B93]) and fuse with caveolin-1--positive endocytic organelles called caveosomes ([@B64], [@B63]).

Several functions of caveolin-1 and caveolae may involve actin interactions. For example, caveolin-1 is required for directional migration of cultured fibroblasts ([@B26]; [@B92]). Cells lacking caveolin-1 migrate at normal speed but are defective in directional migration toward a chemotactic stimulus, as well as in directional persistency of random migration. Caveolin-1 was shown to affect directed cell motility through Src and RhoA ([@B26]). Caveolae also act in mechanosensation in endothelial cells and smooth muscle cells ([@B62]). In endothelial cells, exposure to shear stress increases the number of cell surface caveolae and increases cellular mechanosensitivity ([@B9]; [@B73]). Furthermore, caveolin-1 is required for normal signaling in response to shear stress in vascular endothelial cells ([@B102]; [@B1]; [@B49]) and for normal stretch-induced activation of Akt in vascular smooth muscle cells ([@B83]).

Caveolin-1 expression is reduced in several human tumors ([@B24]; [@B70]; [@B68]), suggesting that caveolin-1 may be a tumor suppressor ([@B101]). Consistent with this idea, reexpression of caveolin-1 in tumor cells can inhibit growth and invasiveness in vitro and slow tumor growth when breast cancer cells are inoculated into mouse mammary gland ([@B99],[@B100]; [@B20]; [@B90]; [@B70]). However, the relationship between caveolin-1 and tumorigenesis is more complex than originally appreciated, and caveolin-1 is expressed at high levels in some tumors ([@B24]; [@B70]). Differential caveolin-1 expression may relate to factors such as tissue type or tumor stage ([@B24]). For example, breast cancers of the luminal subtype lose caveolin-1 expression, whereas those of the basal subtype and those that have undergone an epithelial--mesenchymal transition express the protein ([@B11]; [@B19]).

To understand why caveolin-1 may be lost in cancer cells, we examined its localization after reexpression in several cancer cell lines. Caveolin-1 induced formation of membrane tubules when reexpressed in caveolin-1--negative cancer cells. These tubules are rare in normal cells ([@B61]; [@B52]; [@B69]), suggesting that cancer cells lose a normal mechanism for inhibiting tubule formation when they lose caveolin-1 expression. Our results suggested that this mechanism involves PTRF/cavin-1. Caveolin-1 tubules interacted with both actin filaments and microtubules, as do caveolae and caveolin-1--positive vesicles in normal cells. Actin filament interactions exerted tension on the tubules.

Caveolin-1 tubules also contained Rab8 and EH domain-containing (EHD) proteins. The four mammalian EHD proteins act in both endocytosis and endocytic recycling ([@B53]). EHD proteins have some structural similarity to dynamins and can tubulate liposomes in vitro ([@B15]). In cells, EHD proteins can localize to the same membrane tubules as Rab8 ([@B74]). Rab8 regulates plasma membrane-related trafficking events, including *trans*-Golgi network-to-plasma membrane transport ([@B33]; [@B67]; [@B3]; [@B79]; [@B80]) and endocytic recycling ([@B3]; [@B43]; [@B74]), and also affects cell shape ([@B67]; [@B29]). Rab8 can also localize to Arf6-regulated membrane tubules ([@B29]), where it can colocalize with EHD proteins ([@B74]). Our results revealed an unexpected relationship between Rab8/EHD tubules and tubules induced by caveolin-1.

MATERIALS AND METHODS
=====================

Cells and Transfection
----------------------

Human breast cancer cell lines (SK-BR-3, MDA-MB-231, MDA-MB-468, and MCF-7), the melanoma line MDA-MB-435 ([@B41]), cervical carcinoma line HeLa, and untransformed NIH 3T3 fibroblasts and COS7 cells were obtained from American Type Culture Collection (Manassas, VA) or from U. Moll (Stony Brook University, Stony Brook, NY) and were cultured in DMEM with 10% iron-supplemented calf serum (JRH Biosciences, Lenexa, KS). T47D breast cancer cells (the gift of U. Moll) were grown with DMEM containing 10% fetal calf serum, 100 nM insulin, and 1 nM epidermal growth factor (EGF). MCF10A human mammary epithelial cells (the gift of M. Hayman, Stony Brook University) were grown in DMEM containing 5% horse serum, 20 ng/ml EGF, 100 ng/ml cholera toxin, 10 μg/ml insulin, and 0.5 μg/ml hydrocortisone. All media also contained penicillin/streptomycin. Cells were transiently transfected with Lipofectamine 2000 or Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the manufacturer\'s recommendation, by using 1 μg of each construct except where noted. Cells were examined 1--2 d after transfection.

Expression Constructs and Small Interfering RNA (siRNA)
-------------------------------------------------------

Caveolin-1-green fluorescent protein (GFP) (encoding canine caveolin-1 fused at its C-terminal end to enhanced green fluorescent protein \[EGFP\]), in pEGFP-N1 (Clontech, Mountain View, CA) was the gift of D. Lublin (Washington University School of Medicine, St. Louis, MO). Caveolin-1-monomeric red fluorescent protein (mRFP), encoding mRFP fused to the C-terminal end of caveolin-1 ([@B63]), was the gift of A. Helenius (ETH, Zurich, Switzerland.) Untagged human caveolin-1 ([@B51]) was the gift of E. Rodriguez-Boulan (Cornell University School of Medicine, New York, NY). EGFP-tagged constitutively active Rab5-Q79L ([@B97]) was the gift of A. Levey (Emory University School of Medicine, Atlanta GA). Myc-EHD1 and myc-EHD3 plasmids were gifts of S. Caplan (University of Nebraska Medical Center, Omaha, NE) ([@B10]). HA-EHD4 (Pincher) ([@B85]) was the gift of S. Halegoua (Stony Brook University). GFP-PH-PLCδ, the GFP-tagged pleckstrin homology (PH) domain of phospholipase C (PLC)δ ([@B95]) was the gift of T. Balla (National Institutes of Health, Bethesda, MD). GFP-2x-FYVE, containing two copies of the FYVE domain of Hrs ([@B23]), was the gift of W. Maltese (Medical University of Ohio, Toledo, OH). Hemagglutinin (HA)-Arf6 and constitutively active HA-Arf6-Q67L ([@B30]) were the gifts of J. Casanova (University of Virginia, Charlottesville, VA). FLAG-PTRF/cavin-1 and PTRF/cavin-1-GFP were gifts of P. Pilch (Boston University, Boston, MA). GFP-Rab8, constitutively active GFP-Rab8-Q67L, and dominant-negative GFP-Rab8-T22N ([@B29]) were gifts of J. Peränen (University of Helsinki, Helsinki, Finland). mCherry-α-tubulin ([@B17]) was the gift of M. Peckham (University of Leeds, Leeds, United Kingdom). GFP-tagged nonmuscle myosin IIa and myosin IIb heavy chains, both in pEGFP-C3 ([@B98]), were from Addgene ([www.addgene.org](http://www.addgene.org)). HA-tagged dynamin-2 and dominant-negative dynamin-2K44A, both in pcDNA3, were gifts of S. Schmid (Scripps Institute, La Jolla, CA). Adipose triglyceride lipase (ATGL)-GFP ([@B91]) was the gift of C. Jackson (National Institutes of Health). ATGL-HA, with a C-terminal HA tag, was made by swapping in an HA tag for the GFP tag in ATGL-GFP, by using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The sequence of the sense primer: TACCCATATGACGTCCCAGATTACGCGTAA. HA-tagged intersectin ([@B50]) was the gift of J. O\'Bryan (University of Illinois College of Medicine, Chicago, IL). pGW1HA-spartin ([@B4]) was the gift of C. Blackstone (National Institutes of Health). pBC12/PLAP, encoding placental alkaline phosphatase (PLAP), has been described previously ([@B7]). A recombinant adenovirus expressing human caveolin-1 was from Vector Biolabs (Philadelphia, PA). The virus was expanded in human embryonic kidney-293T cells and purified following recommendations of the supplier. siRNA duplex constructs to knock down Rab8a and PTRF/cavin-1, made using Stealth RNA interference (RNAi) siRNA technology, were from Invitrogen. The targeted sequence for Rab8a knockdown, chosen based on previous work ([@B82]; [@B29]), was GACAAGAGACAAGTTTCCAAGGAAC. The targeted sequences for PTRF/cavin-1 knockdown were GCCGCAACTTTAAAGTCATGATCTA (\#1), AGGAGTCCCGCGCAGAGCGTATCAA (\#2), and CCGGCCAAACTGAGCATCAGCAAAT (\#3). The Medium GC Stealth RNAi siRNA Duplex (12935-300; Invitrogen) was used as a control for both knockdown experiments. For Rab8a knockdown, HeLa cells grown on coverslips (for fluorescence analysis of caveolin-1-GFP tubule formation) or in 35-mm dishes (for assessment of Rab8a knockdown by Western blotting) were transfected with siRNA duplexes using Lipofectamine 2000, and then with caveolin-1-GFP 24 h later, and harvested 24 or 48 h after that. For PTRF/cavin-1 knockdown, MDA-MB-231 cells were grown and transfected with siRNA duplexes as for HeLa cells and grown 48 or 72 h before harvest for analysis of PTRF/cavin-1 expression by Western blotting, or of endogenous caveolin-1 localization by immunofluorescence microscopy.

Antibodies, Fluorescent Compounds, and Other Reagents
-----------------------------------------------------

Mouse anti-heat-shock protein (Hsp)70 and anti-Hsp90 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-caveolin-1, mouse anti-Rab8, mouse anti-PTRF, and mouse anti-early endosomal antigen (EEA)1 antibodies were from Transduction Laboratories, BD Biosciences (San Jose, CA). Mouse anti-myc tag antibodies were from Invitrogen. Rabbit anti-HA tag antibodies were from Sigma-Aldrich (St. Louis, MO). Secondary antibodies: AlexaFluor (AF)-488 and AF-594-conjugated goat anti-mouse and goat anti-rabbit immunoglobulin (Ig)G were from Invitrogen. Rhodamine was conjugated to human transferrin (Tf) using *N*-hydroxysuccinimide-rhodamine (Pierce Chemical, Rockford, IL), by the procedure recommended by Pierce Chemical. AF-594-phalloidin, AF-594-cholera toxin B subunit (CTxB), Texas Red-Tf, and fluoro-ruby dextran (10,000 mol. wt.) were from Invitrogen. Sources for other reagents were as follows: latrunculin A (LatA) (used at 3--5 μM and treating cells for 10--30 min) was from Enzo Life Sciences International (Plymouth Meeting, PA), dynasore was from ChemBridge (San Diego, CA), and blebbistatin was from Calbiochem, EMD Biosciences (San Diego, CA). Protein assay reagents were from Bio-Rad Laboratories (Hercules, CA). All other reagents were from Sigma-Aldrich.

Fluorescence Microscopy
-----------------------

Cells were grown and processed for fluorescence microscopy as described previously ([@B5]). Images of fixed cells were captured and processed either by wide-field epifluorescence microscopy, by using an Axioskop 2 microscope (Carl Zeiss, Jena, Germany) with a 100× objective (numerical aperture 1.3) ([@B58], [@B59]) or by confocal microscopy, using an inverted Axiovert 200 M microscope (Carl Zeiss) with a two-photon laser scanning confocal system and a 100× oil immersion objective, processing images with LSM software (Carl Zeiss). When necessary, images were further processed using Photoshop (Adobe Systems, Mountain View, CA), adjusting intensity (levels), contrast, and/or brightness for optimal viewing. Each channel was adjusted separately, but each adjustment was applied to the whole field. The fraction of transfected cells in which caveolin-1 was present in tubules was determined by wide-field epifluorescence microscopy. Cells were scored positive if they contained at least two tubules, each at least 5 μm long. At least 150 cells on each slide were counted.

To compare caveolin-1 expression levels in different cell types, NIH 3T3 and SK-BR-3 cells were grown in parallel on coverslips, and caveolin-1 was expressed in SK-BR-3 cells. Cells were fixed, permeabilized, and incubated in parallel with anti-caveolin-1 antibodies and AF-594-goat anti-rabbit secondary antibodies. Mean fluorescence in 35--40 randomly selected NIH 3T3 cells, and the same number of transfected SK-BR-3 cells that contained long caveolin-1--positive tubules, was measured using the confocal microscope described above, by using LSM software (Carl Zeiss). Acquisition parameters were the same for all cells, and images were not processed.

Three-dimensional (3D) reconstruction of fixed cells was performed using an Axiovert 200 deconvolution microscope (Carl Zeiss) equipped with an Axiocam digital camera (Carl Zeiss). To acquire z-stacks, 25--35 serial images were recorded at 350-nm intervals along the *z*-axis by using a 100× oil immersion objective. Out-of-plane fluorescence was removed by deconvolution using the inverse filter algorithm. Images were further processed to increase signal intensity using Axiovision software, version 4.7.1. Live cell microscopy was performed on the same deconvolution microscope. SK-BR-3 cells were seeded on 35-mm glass-bottomed dishes (MatTek, Ashland, MA). Cells were transfected as described above and were imaged live after 1--2 d. Dishes were inserted in a chamber on the microscope stage that was maintained at 37°C in a 5% CO~2~ atmosphere. All images were acquired using a 100× oil immersion objective. Images were acquired at frame intervals of 10--15 s with the exposure time calculated automatically. The images were processed to make movies, and tubule length measured where appropriate, by using Axiovision software.

For internalization experiments, AF-594-CTxB (0.5 μg/ml), fluoro-ruby dextran (1 mg/ml), or rhodamine- or Texas Red-Tf (35 μg/ml) were added to the growth medium for times indicated in figure legends. Where indicated, 10 μM nocodazole, 3--5 μM LatA, 80 μM dynasore, or 10 mM methyl-β-cyclodextrin (MBCD) was added to cells for times indicated in figure legends. For energy depletion, cells were incubated for 30 min in phosphate-buffered saline ([@B5]) containing 20 mM 2-deoxy-[d]{.smallcaps}-glucose and 10 mM sodium azide. Control cells were incubated in phosphate-buffered saline containing 20 mM [d]{.smallcaps}-glucose.

Other Methods
-------------

SDS-polyacrylamide gel electrophoresis (PAGE), transfer to polyvinylidene difluoride, Western blotting, and detection of bands on film by enhanced chemiluminescence were performed as described previously ([@B81]). Quantitation of scanned bands was performed using ImageJ (National Institutes of Health).

RESULTS
=======

Localization of Caveolin-1 Expressed in SK-BR-3 Breast Cancer Cells
-------------------------------------------------------------------

It is not known why caveolin-1 is lost in many cancer cells. We reasoned that aberrant localization of reexpressed caveolin-1 in such cells might provide clues. In normal cells, caveolin-1 is localized to caveolae, caveosomes, and small vesicles that move between the plasma membrane and the cell interior in a microtubule-dependent manner ([@B64]; [@B52]; [@B47]). Small pools are present in early endosomes ([@B64]) and in the Golgi in some cell types ([@B16]; [@B71]). We expressed caveolin-1 in SK-BR-3 breast cancer cells, which lack caveolin-1 and caveolae ([@B32]). To facilitate live-cell imaging, most experiments were done with caveolin-1-GFP or caveolin-1-red fluorescent protein (RFP). Both proteins have been show to localize in the same manner as endogenous caveolin-1 in normal cells ([@B64]; [@B52]).

Reexpressed caveolin-1-GFP ([Figure 1](#F1){ref-type="fig"}A) and untagged caveolin-1 ([Figure 1](#F1){ref-type="fig"}B) had similar localization patterns in SK-BR-3 cells. Both were present in small puncta on and near the plasma membrane, in larger puncta throughout the cytosol, and sometimes in amorphous perinuclear structures. Many of the cytosolic puncta were probably caveosomes ([@B64]), although the protein was also easily detectable in early endosomes. As in other cells ([@B63]), coexpression of caveolin-1-RFP with constitutively active GFP-Rab5-Q79L often increased the amount of caveolin-1-RFP in endosomes ([Figure 1](#F1){ref-type="fig"}C). High Rab5 function may slow exit of caveolin-1 from early endosomes, allowing it to accumulate there.

![Caveolin-1 induces plasma membrane-derived endocytic tubules, not linked to early endosomes, in SK-BR-3 cells. (A and B) Caveolin-1-GFP (A) or untagged caveolin-1 (B) was expressed in SK-BR-3 cells and examined by fluorescence microscopy, detecting untagged caveolin-1 with anti-caveolin-1 antibodies. (C) Constitutively active GFP-Rab5-Q79L (middle) and caveolin-1-RFP (left) were coexpressed in SK-BR-3 cells. (C--F) High-magnification views of the boxed region in the merged image (right) are shown beneath each panel. (D) AF-594-CTxB (middle) was added to SK-BR-3 cells expressing caveolin-1-GFP (left) for 10 min before fixation and examination by fluorescence microscopy. (E) GFP-PH-PLCδ (middle) and caveolin-1-RFP (left) were coexpressed in SK-BR-3 cells, which were fixed and visualized by fluorescence microscopy. (F) SK-BR-3 cells expressing caveolin-1-GFP (left) were incubated with 35 μg/ml rhodamine-Tf (middle) for 10 min, 37°C, before fixation. (G) Caveolin-1-RFP (left) and GFP-2x-FYVE (middle) were coexpressed in SK-BR-3 cells before fixation and visualization by fluorescence microscopy. Bar in A (applies to A and B), 10 μm. Bars in C (applies to C--F) and G, 5 μm.](zmk0131094830001){#F1}

Reexpressed caveolin-1 was sometimes present in membrane tubules in SK-BR-3 cells ([Figure 1](#F1){ref-type="fig"}, A--C). These tubules fell into two classes, which we termed long and short. Caveolin-1--positive long tubules have been reported previously ([@B61]; [@B52]; [@B69]), but they are rare, and detailed studies of their structure have not been possible. Because long tubules were relatively abundant in SK-BR-3 cells, we were able to examine them more carefully. We discuss these results first and then describe short tubules.

Caveolin-1 Stimulates Formation of Endocytic Tubules with Characteristics of Plasma Membrane but Not Early Endosomes
--------------------------------------------------------------------------------------------------------------------

Caveolin-1--positive long tubules were often 10--30 μm long, and sometimes up to 50 μm, and often branched ([Figure 1](#F1){ref-type="fig"}A; also see Supplemental Figure 1 and Supplemental Movie 1). Long tubules were seen most clearly in well-spread cells. Such cells were often 60--80 μm in diameter, but only ∼5 μm high (Supplemental Figure 1). 3D reconstruction showed that long tubules ran roughly parallel to the substrate, as dictated by cell shape, but were not precisely aligned with each other and were not obviously concentrated at any particular height in the cell (Supplemental Figure 1 and Supplemental Movie 1.)

To determine whether the long tubules were derived from the plasma membrane, we determined whether they could be labeled with CTxB, added to the media of living cells. Although the tubules were rarely labeled after 2 min of CTxB uptake (data not shown), they almost all contained internalized CTxB after 10 min, showing that most were endocytic ([Figure 1](#F1){ref-type="fig"}D). CTxB was very rarely (\<1% of cells) seen in long tubules in untransfected SK-BR-3 cells, and these were never abundant (data not shown). Thus, caveolin-1-GFP stimulated formation of plasma membrane-derived tubules in SK-BR-3 cells.

Phosphatidylinositol 4,5-bisphosphate \[PI(4,5)P~2~\] is abundant in the plasma membrane but is normally cleaved by phosphatases soon after internalization ([@B13]), and it is not present at high levels in early endosomes or other organelles. Caveolin-1--positive tubules could be labeled with the PI(4,5)P~2~ probe GFP-PH-PLCδ, showing that they retained this plasma membrane marker ([Figure 1](#F1){ref-type="fig"}E).

Soon after internalization, vesicles internalized by clathrin-mediated endocytosis and also by several clathrin-independent pathways are delivered to Rab5/EEA1-positive early endosomes, merging cargo internalized by clathrin-dependent and clathrin-independent pathways ([@B55]; [@B87]; [@B36]; [@B5]). By contrast, caveolin-1 tubules did not contain GFP-Rab5-Q79L ([Figure 1](#F1){ref-type="fig"}C) or EEA1 (data not shown), and they did not contain internalized Tf ([Figure 1](#F1){ref-type="fig"}F), or the early endosome-specific phosphatidylinositol-3-phosphate \[PI(3)P\], because they were not labeled by the PI(3)P probe GFP-2x-FYVE ([Figure 1](#F1){ref-type="fig"}G). Thus, caveolin-1-GFP tubules do not acquire characteristics of early endosomes. Furthermore, we did not see contact between caveolin-1 tubules and EEA1-positive endosomes, suggesting that they do not deliver cargo to endosomes.

Caveolin-1 Long Tubules Require Microtubules but Not Actin Filaments
--------------------------------------------------------------------

Caveolin-1--positive tubules in CHO cells are microtubule dependent ([@B52]). Similarly, microtubule disruption with nocodazole abolished caveolin-1-GFP long tubules in SK-BR-3 cells (data not shown). Long tubules rarely colocalized with microtubules (visualized with coexpressed mCherry-α-tubulin; [Figure 2](#F2){ref-type="fig"}A). This suggested that microtubule-interacting proteins were not distributed along the length of the membrane tubules. Nevertheless, interactions with microtubules probably determine the position and distribution of long tubules in cells.

![Interactions of caveolin-1 tubules with actin and microtubule cytoskeletons in SK-BR-3 cells. (A) Cells expressing caveolin-1-GFP (left) and mCherry-α-tubulin (middle) were visualized by fluorescence microscopy. Caveolin-1-GFP tubules rarely colocalized with microtubules. (A, B, and E) High-magnification views of the boxed region in the merged images are shown beneath each panel. (B) Cells expressing caveolin-1-GFP (left) were treated with 5 μM LatA for 30 min. AF-594-CTxB (middle) was added for the last 10 min, and cells were fixed and examined by fluorescence microscopy. (C and D) Morphology of tubules in caveolin-1-GFP--expressing control (C) and LatA-treated (D) cells. (E) A cell expressing caveolin-1-GFP was fixed, permeabilized, and incubated with AF-594-phalloidin to label actin filaments. Short tubules and puncta associated with actin filaments under the plasma membrane, whereas long tubules extended into the cell from the actin-rich subcortical region. An enlarged view of the boxed region is shown beneath the panel. Bars, 5 μm (bar in A applies to A and B; bar in D applies to C-E).](zmk0131094830002){#F2}

To determine whether long tubules required the actin cytoskeleton, we depolymerized actin filaments with LatA. LatA did not disrupt, and in fact enhanced long tubule accumulation: abundant tubules were seen in 40--60% of transfected SK-BR-3 cells after LatA treatment but only 10--20% of untreated cells. In further studies, we used LatA as a convenient tool to increase tubule number, to get a clearer picture of whether other treatments administered at the same time affected tubule formation. As in untreated cells, almost all caveolin-1-GFP long tubules could be labeled by CTxB in 10 min in LatA-treated cells ([Figure 2](#F2){ref-type="fig"}B). However, additional results, described later, showed that caveolin-1 long tubules interacted with and were affected by the actin cytoskeleton.

Caveolin-1-GFP--positive Long Tubules are More Common in Cancer Cells That Have Lost Endogenous Caveolin-1 Expression
---------------------------------------------------------------------------------------------------------------------

To determine whether tubular localization was unusually common in SK-BR-3 cells, we examined several other cell lines. COS7, NIH 3T3, and MCF10A (mammary epithelial cells) are not transformed, whereas MCF7, SK-BR-3, T47D, and MDA-MB-468 are breast cancer cell lines of the luminal subtype ([@B19]). MDA-MB-231 breast cancer cells have undergone an epithelial-mesenchymal transition (EMT) ([@B19]). MDA-MB-435, previously thought to be post-EMT breast cancer cells, were recently shown to be melanoma cells ([@B41]). HeLa cells are from a cervical carcinoma. Tubules positive for transfected caveolin-1-GFP were seen in all cell lines, but the frequency varied widely ([Figure 3](#F3){ref-type="fig"}A). We next examined caveolin-1 levels in the different cell lines ([Figure 3](#F3){ref-type="fig"}B). Consistent with previous results, caveolin-1 was expressed in untransformed cells and in the post-EMT breast cancer cells, but expression was low or undetectable in luminal subtype breast cancer cells ([@B19]). Caveolin-1 expression was also greatly reduced in MDA-MB-435 and HeLa cells, despite the fact that the protein was easily detectable by immunofluorescence microscopy (data not shown). Tubular localization of caveolin-1-GFP correlated inversely with endogenous caveolin-1 expression: tubules were abundant in cells with low or undetectable caveolin-1, and rare in cells with abundant caveolin-1. This suggested that when cancer cells lost caveolin-1 expression, they also lost the ability to limit caveolin-1--induced membrane tubulation.

![Caveolin-1-GFP tubules correlate with loss of endogenous caveolin-1 and PTRF/cavin-1; forced expression of PTRF/cavin-1 or caveolin-1 does not induce endogenous expression of the other gene in SK-BR-3 cells. (A) Caveolin-1-GFP was expressed in COS7, NIH 3T3, MCF-10A, MCF-7, SK-BR-3, T47D, MDA-MB-231, MDA-MB-435, MDA-MB-468, and HeLa cells. The percentage of transfected cells in which caveolin-1 was detected in tubules by fluorescence microscopy is indicated (average of at least 2 experiments that varied by \<15%, counting at least 150 transfected cells in each). (B) Lysates of the cells listed in A were analyzed by SDS-PAGE and Western blotting, detecting caveolin-1, PTRF/cavin-1, and Hsp90 as a loading control. Cell line labels in A also refer to the corresponding bands in B. (C) SK-BR-3 cells (first 2 lanes) were transfected with GFP or PTRF/cavin-1-GFP as indicated (top of blot) and grown for 3 d before harvest. Lysates of these cells and of untransfected NIH 3T3 cells (third lane) containing 25 μg of protein were subjected to SDS-PAGE and transfer to polyvinylidene difluoride (PVDF). The blot was probed sequentially with anti-caveolin-1, anti-GFP, and anti-Hsp90, stripping between probings. (D) SK-BR-3 cells (first 2 lanes) were infected with caveolin-1-expressing adenovirus as indicated (top of blot), or left uninfected, and grown for 4 d before harvest. Lysates of these cells and of uninfected NIH 3T3 cells (third lane) containing 25 μg of protein were subjected to SDS-PAGE and transfer to PVDF. The blot was probed sequentially with anti-PTRF/cavin-1, anti-caveolin-1, and anti-Hsp90, stripping between probings. (B--D) Molecular masses (in parentheses) are in kilodaltons.](zmk0131094830003){#F3}

These results suggested that the ability of caveolin-1 to form tubules did not result simply from overexpression. As a further test of this idea, we compared caveolin-1-GFP levels in transfected SK-BR-3 cells that contained tubules, with levels of endogenous caveolin-1 in NIH 3T3 cells, by quantitative confocal microscopy (Supplemental Figure 2). As expected, caveolin-1 expression levels were more heterogeneous in transfected SK-BR-3 cells than in NIH 3T3 cells. Tubules were rare in very high-expressing SK-BR-3 cells, which often accumulated caveolin-1 in the ER or in perinuclear structures. Although many tubule-containing SK-BR-3 cells contained more caveolin-1 than did NIH 3T3 cells, many others contained about the same amount (Supplemental Figure 2). This suggested that tubule formation does not require superphysiological levels of caveolin-1.

PTRF/Cavin-1 Is Expressed Coordinately with Caveolin-1 and Inhibits Caveolin-1--induced Tubule Formation
--------------------------------------------------------------------------------------------------------

Expression levels of PTRF/cavin-1 and caveolin-1 are coordinated in many tissues ([@B31]; [@B44]; [@B6]) and may be interregulated: levels of each protein are reduced in mice lacking the other gene ([@B31]; [@B44]). Nevertheless, at least one prostate cancer cell line is known to express caveolin-1 but not PTRF/cavin-1 ([@B31]; [@B6]). We found that with one exception, PTRF/cavin-1 expression correlated closely with caveolin-1 expression in our panel of cell lines ([Figure 3](#F3){ref-type="fig"}B). Thus, PTRF/cavin-1 expression, as well as that of caveolin-1, correlated inversely with the ability of reexpressed caveolin-1 to form membrane tubules. COS7 cells were an exception: for unknown reasons, PTRF/cavin-1 was undetectable on Western blots, although caveolin-1 was expressed ([Figure 3](#F3){ref-type="fig"}B).

We next asked whether exogenous expression of either caveolin-1 or cavin-1 in SK-BR-3 cells induced endogenous expression of the other gene. We first expressed either PTRF/cavin-1-GFP or soluble GFP in these cells for 3 d, and then we analyzed cells for expression of endogenous caveolin-1 by Western blotting ([Figure 3](#F3){ref-type="fig"}C). Caveolin-1 was not detected in PTRF/cavin-1--transfected cells, despite efficient expression of PTRF/cavin-1-GFP. By contrast, endogenous caveolin-1 in the same amount of NIH 3T3 cell lysate was easily detectable ([Figure 3](#F3){ref-type="fig"}C). Caveolin-1 was undetectable by immunofluorescence even in transfected cells that expressed the highest levels of PTRF/cavin-1 (data not shown).

To determine whether caveolin-1 reexpression induced endogenous PTRF/cavin-1 expression, SK-BR-3 cells were infected with a recombinant adenovirus expressing caveolin-1. Immunofluorescence analysis showed that \>90% of infected cells expressed caveolin-1 by 24 h after infection. Expression remained high for at least 4 d ([Figure 3](#F3){ref-type="fig"}D; data not shown). Nevertheless, although endogenous PTRF/cavin-1 was easily detectable in NIH 3T3 cells, it was not seen in adenovirus/caveolin-1 infected SK-BR-3 cells ([Figure 3](#F3){ref-type="fig"}D). We conclude that short-term reexpression of caveolin-1 or PTRF/cavin-1 in SK-BR-3 cells does not induce expression of the other gene.

To determine whether PTRF/cavin-1 affected caveolin-1--induced tubule formation, we coexpressed caveolin-1-GFP and FLAG-PTRF/cavin-1 in SK-BR-3 cells. As shown previously ([@B31]), FLAG-PTRF/cavin-1 colocalized closely with GFP-caveolin-1 in puncta near the plasma membrane but not with GFP-caveolin-1 in perinuclear structures ([Figure 4](#F4){ref-type="fig"}, A and B). When expressed alone in SK-BR-3 cells, FLAG-PTRF/cavin-1 had a predominantly cytosolic localization, although some plasma membrane-associated puncta were detected, and the protein was never present on membrane tubules (data not shown). Coexpression with FLAG-PTRF/cavin-1 greatly reduced the frequency of caveolin-1 tubules, both with and without LatA treatment ([Figure 4](#F4){ref-type="fig"}G, top half of graph). In most cotransfected cells, caveolin-1-GFP had a primarily punctate localization ([Figure 4](#F4){ref-type="fig"}A). However, FLAG-PTRF/cavin-1 colocalized with caveolin-1 on the rare tubules present ([Figure 4](#F4){ref-type="fig"}B). PTRF/cavin-1-GFP behaved in a similar manner to FLAG-PTRF/cavin-1, except that plasma membrane puncta were rarely seen when PTRF/cavin-1-GFP was expressed without caveolin-1 (data not shown).

![PTRF/cavin-1 reduces caveolin-1 tubule frequency and associates with residual tubules, but does not associate with or affect Rab8 tubules. (A, B, and F) SK-BR-3 cells expressing FLAG-PTRF/cavin-1 (PTRF; center panels) together with caveolin-1-GFP (A and B; left) or GFP-Rab8-Q67L (F; left) were processed for immunofluorescence microscopy, detecting FLAG-PTRF/cavin-1 with anti-FLAG antibodies. High-magnification views of the boxed region in the merged image (right) are shown beneath each panel. Panel A shows a typical cell with no tubules; B shows an unusual cell containing tubules, on which caveolin-1-GFP and FLAG-PTRF/cavin-1 colocalized. (C--E) MDA-MB-231 cells transfected with control siRNA (C) or PTRF/cavin-1-targeted siRNA duplex \#1 (D and E) were grown 2 d after transfection and processed for immunofluorescence microscopy, detecting caveolin-1 with specific antibodies. (E) High-magnification image of the region boxed in D. Bar, 5 μm. (G) SK-BR-3 cells expressing GFP-caveolin-1 (Cav1) or GFP-Rab8Q67L (Rab8), with or without FLAG-PTRF/cavin-1 (PTRF), with or without 10-min LatA treatment were processed for immunofluorescence microscopy. The percentage of transfected cells containing long tubules positive for caveolin-1-GFP or GFP-Rab8Q67L as appropriate was determined. The mean ± SEM of at least three experiments (counting at least 150 cells on each slide) is shown. (H) MDA-MB-231 cells transfected with control or PTRF/cavin-1 siRNA duplexes as indicated were processed as described in C--E, and the percentage of cells containing long tubules positive for caveolin-1 was determined as described in G.](zmk0131094830004){#F4}

To determine whether PTRF/cavin-1 inhibited tubule formation by endogenous caveolin-1, we suppressed its expression with siRNA in MDA-MB-231 cells, and then examined the localization of endogenous caveolin-1. Three PTRF/cavin-1--targeted siRNA duplexes gave similar levels of suppression (Supplemental Figure S3). In control cells, caveolin-1 was mostly localized in caveolae and sometimes in larger vacuole-like structures ([Figure 4](#F4){ref-type="fig"}C). Caveolin-1 had a similar localization in PTRF/cavin-1--suppressed cells, except that it was also present in long tubules in ∼10% of the cells ([Figure 4](#F4){ref-type="fig"}, D, E, and H). (Caveolin-1--positive tubules were occasionally seen in control cells. However, unlike tubules in PTRF/cavin-1--suppressed cells, they were never longer than ∼5 μm, and no more than 1 or 2 tubules were seen per cell.) Growth for three instead of 2 d after transfection with PTRF/cavin-1--targeted siRNA duplexes did not increase the fraction of cells with tubules.

Together, these results showed that reexpressed caveolin-1 did not require PTRF/cavin-1 to deform the plasma membrane into tubules but that PTRF/cavin-1 limited the ability of caveolin-1 to form tubules. The loss of PTRF/cavin-1 in cancer cells is likely to explain the increased tendency of reexpressed caveolin-1 to form tubules in these cells.

Caveolin-1 Tubules Require Membrane Cholesterol
-----------------------------------------------

Cholesterol depletion or sequestration induces dramatic flattening of caveolae within a few minutes ([@B76]; [@B27]). To determine the effect of cholesterol on caveolin-1-GFP dynamics and tubule formation in SK-BR-3 cells, we depleted cholesterol with MBCD ([@B37]). MBCD greatly reduced the frequency of caveolin-1 tubules ([Figure 5](#F5){ref-type="fig"}H), and caveolin-1-GFP often had a smooth appearance in the plasma membrane ([Figure 5](#F5){ref-type="fig"}A).

![MBCD alters caveolin-1-GFP localization and reduces tubule frequency in SK-BR-3 cells. (A) SK-BR-3 cells expressing caveolin-1 GFP (top) were incubated with 10 mM MBCD for 45 min and then with 1 mM fluoro-ruby red dextran (middle) for 5 min before fixation and detection by fluorescence microscopy. (B) Enlarged views of the boxed region of the merged image of the cell shown in A. (C) Frames from Supplemental Movie 2, showing a live MBCD-treated SK-BR-3 cell expressing caveolin-1-GFP. A caveolin-1-GFP--positive vacuole that initially seems tethered to the plasma membrane approaches the plasma membrane (indicated with arrows in the last four frames) and fuses with it. Time elapsed (minutes:seconds) after the first frame is shown. (D--G) Images of caveolin-1-GFP--expressing SK-BR-3 cells treated with MBCD (30 min; D), LatA (10 min; E), MBCD (30 min) and then MBCD + LatA (10 min; F), or LatA (10 min) and then MBCD + LatA (30 min; G). Bar, 10 μm. (H) Frequency of caveolin-1 long tubules in cells treated as in D--G. The mean ± SEM of at least three experiments (counting at least 150 cells on each slide) is shown.](zmk0131094830005){#F5}

SK-BR-3 cells sometimes contain large plasma membrane-derived vacuoles (our unpublished data). These are likely to be macropinosomes, formed by constitutive plasma membrane ruffling that occurs in these cells. Caveolin-1-GFP--positive vacuoles were especially prominent in MBCD-treated cells and were seen in most cells after drug treatment ([Figure 5](#F5){ref-type="fig"}, A--C). At least some vacuoles could be labeled with fluorescent dextran, added to media as a marker of fluid phase endocytosis, after 5 min ([Figure 5](#F5){ref-type="fig"}, A and B). This occurred despite the fact that constitutive internalization of dextran in small endocytic puncta was greatly inhibited by MBCD (data not shown), consistent with a general cholesterol requirement for clathrin-independent pinocytic pathways ([@B56]). Together, these results suggest that at least some of the vacuoles that accumulated after MBCD treatment were macropinosomes. Some vacuoles may also have been recycling structures: they occasionally moved slowly toward the plasma membrane and fused with it (Supplemental Movie 2; selected frames shown in [Figure 5](#F5){ref-type="fig"}C).

Although tubules disappeared and vacuoles became more prominent after MBCD treatment, we saw no indication that MBCD induced a switch from tubule to vacuole formation. In fact, in control cells, although vacuole formation was more variable than in MBCD-treated cells, we often saw vacuoles and tubules in the same cells. Tubules were very rare when LatA was added after MBCD pretreatment but were more frequent when cells were treated with LatA before addition of MBCD ([Figure 5](#F5){ref-type="fig"}, D--H). This suggested that cholesterol depletion blocked the formation of new tubules, even in the presence of LatA, but that preformed tubules that accumulated in the presence of LatA were at least somewhat resistant to disruption by MBCD.

Caveolin-1 Long Tubules Require Dynamin Function but Are Inhibited by Dynamin-2 Overexpression
----------------------------------------------------------------------------------------------

Shiga toxin induces formation of plasma membrane tubules, in a manner that is enhanced by energy depletion ([@B75]). Reduction of dynamin function also stimulates Shiga toxin tubule formation, and tubules are labeled by dominant-negative dynamin ([@B75]). These results suggested that dynamins reduce accumulation of Shiga toxin tubules by cleaving tubules into vesicles, and energy depletion enhances tubule formation at least in part by inhibiting dynamin function ([@B75]).

We next determined whether caveolin-1 tubules in SK-BR-3 cells were regulated in a similar manner. As for Shiga toxin tubules, energy depletion enhanced caveolin-1 tubule accumulation ([Figure 6](#F6){ref-type="fig"}A, top). Overexpression of HA-dynamin-2 also greatly reduced caveolin-1 tubule frequency, suggesting that dynamin-2 may cleave tubules to vesicles. However, in contrast to Shiga toxin, inhibition of dynamin function by dynasore ([@B46]) or by overexpression of dominant-negative HA-dynamin-2-K44A also reduced the frequency of caveolin-1 tubules ([Figure 6](#F6){ref-type="fig"}A, top). Inhibition of tubule accumulation by both wild-type and dominant-negative dynamins was most dramatic in LatA-treated cells ([Figure 6](#F6){ref-type="fig"}A, bottom). To ensure the specificity of these effects, caveolin-1-GFP was coexpressed with four other constructs that were not expected to affect tubule formation. PLAP, HA-ATGL (a lipid droplet lipase; [@B91]), HA-intersectin (ITSN; involved in endocytosis; [@B50]), and HA-spartin (implicated in endocytosis and lipid droplet dynamics; [@B4]; [@B18]) were all efficiently expressed, as judged by immunofluorescence microscopy (data not shown), but none inhibited caveolin-1 tubule accumulation in cotransfected LatA-treated SK-BR-3 cells ([Figure 6](#F6){ref-type="fig"}A, bottom). Tubule frequency in all cases was similar to that in LatA-treated cells expressing caveolin-1-GFP alone ([Figures 4](#F4){ref-type="fig"}[](#F5){ref-type="fig"}[](#F6){ref-type="fig"}--[7](#F7){ref-type="fig"}). As expected, HA-dynamin-2-K44A inhibited Tf internalization, whereas wild-type HA-dynamin-2 did not ([Figure 6](#F6){ref-type="fig"}B). (This assay probably underestimated the inhibitory effect of dominant negative dynamin-2 on Tf internalization, because cells containing any visible internalized Tf were scored as positive for internalization.)

![Caveolin-1 tubule frequency is enhanced by energy depletion and inhibited by both overexpression and inhibition of dynamin-2. Caveolin-1-GFP (Cav1; 1 μg of plasmid) was expressed in SK-BR-3 cells alone, or together with 3 μg of one of the following plasmids, as indicated: PLAP, HA-dynamin-2 (WT dynamin), HA-dynamin-2-K44A (DN dynamin), HA-ATGL, HA-ITSN1, or HA-spartin. (A) Where indicated, cells were energy-depleted or treated with dynasore as described under *Materials and Methods* or treated with LatA for 10 min (bottom half of graph). Cells were processed for immunofluorescence microscopy, detecting PLAP with anti-PLAP antibodies and the HA-tagged proteins with anti-HA antibodies. The percentage of cells expressing both caveolin-1-GFP and any cotransfected construct in which caveolin-1-GFP was in long tubules is shown. (B) Cells transfected with the indicated constructs were incubated with 35 μg/ml Texas Red-Tf for 5 min before fixation, and the percentage of caveolin-1-GFP--expressing cells containing internalized Tf (≥3 internal puncta) is shown. Expression of PLAP or the dynamin proteins in parallel dishes not incubated with Tf was verified by immunofluorescence microscopy; ≥85% of cells expressing caveolin-1-GFP also expressed the cotransfected construct. The mean ± SEM of at least three experiments (counting at least 150 cells on each slide) is shown.](zmk0131094830006){#F6}

![Rab8 and EHD proteins colocalize with caveolin-1 on tubules, whereas Arf6 antagonizes tubule formation. (A--C) SK-BR-3 cells expressing myc-EHD1, myc-EHD3, or HA-EHD4 as indicated were visualized by immunofluorescence microscopy by using anti-myc or anti-HA antibodies. All three proteins were seen on membrane tubules. (D--F) Caveolin-1-GFP (left) was coexpressed with myc-EHD1 (D), myc-EHD3 (E), or HA-EHD4 (F). Caveolin-1-GFP colocalized with all three proteins on puncta and tubules. (G) Top half, percentage of SK-BR-3 cells containing caveolin-1-RFP (Cav1)-positive tubules, after cotransfection with the indicated Rab8 constructs, with or without LatA. Rab8Q67L was always present on tubules in cells that also contained tubular caveolin-1-RFP. Bottom half, percent of SK-BR-3 cells containing caveolin-1-GFP (Cav1)-positive tubules after transfection with the indicated HA-tagged Arf6 constructs, with or without LatA. The mean ± SEM of at least three experiments (counting at least 150 cells on each slide) is shown. (H-L) SK-BR-3 cells coexpressing caveolin-1-RFP (H--J) or caveolin-1-GFP (K and L) and either GFP-Rab8 (H), GFP-Rab8-Q67L (I), GFP-Rab8-T22N (J), Arf6-Q67L (K), or PLAP (L) were examined by fluorescence microscopy, detecting HA-Arf6-Q67L with anti-HA and PLAP with anti-PLAP antibodies. High-magnification views of the boxed region in the merged images (H--J and L, right) are shown beneath appropriate panels. Bar, 5 μm.](zmk0131094830007){#F7}

Caveolin-1-GFP and Rab8 Synergize to Form Tubules That Are Regulated by Rab8 and Arf6 and Recruit EHD Proteins
--------------------------------------------------------------------------------------------------------------

EHD proteins can localize to microtubule-dependent membrane tubules ([@B10]; [@B21]; [@B22]; [@B74]). As shown previously in other cell types, epitope-tagged EHD1, EHD3, and EHD4 were sometimes present on membrane tubules when expressed in SK-BR-3 cells ([Figure 7](#F7){ref-type="fig"}, A--C). Myc-EHD3 was present on tubules more frequently than myc-EHD1, as reported previously in other cells ([@B21]). To determine the relationship between EHD tubules and caveolin-1 tubules, we coexpressed each protein in turn with caveolin-1-GFP in SK-BR-3 cells. All three proteins colocalized with caveolin-1-GFP in punctate structures and also in long tubules ([Figure 7](#F7){ref-type="fig"}, D--F).

Because Rab8 can also localize to tubules that contain EHD proteins ([@B29]; [@B74]), we coexpressed Rab8-GFP and caveolin-1-RFP in SK-BR-3 cells. Both wild-type GFP-Rab8 and constitutively active GFP-Rab8-Q67L colocalized with caveolin-1-RFP on tubules ([Figure 7](#F7){ref-type="fig"}, H and I). Furthermore, caveolin-1-RFP and GFP-Rab8-Q67L synergized to promote tubule formation. When expressed individually, GFP-Rab8-Q67L and caveolin-1-RFP were present on long tubules in 16.2 and 13.7% of transfected cells, respectively ([Figures 4](#F4){ref-type="fig"}G and [7](#F7){ref-type="fig"}G). Doubling the amount of each individual plasmid did not significantly increase the fraction of cells containing tubules (data not shown). By contrast, the two proteins were present together on tubules in 34.3% of cotransfected SK-BR-3 cells ([Figure 7](#F7){ref-type="fig"}G). (We never saw cells that expressed both proteins in which one but not the other was localized to tubules.) This suggested that the two proteins contributed to tubule formation through different mechanisms. Dominant-negative GFP-Rab8-T22N almost abolished caveolin-1-RFP tubules, both with and without LatA ([Figure 7](#F7){ref-type="fig"}, G and J). Nevertheless, siRNA-mediated suppression of Rab8a by ∼50% did not affect caveolin-1-GFP tubule formation (Supplemental Figure 4). We conclude that Rab8a affects, and may be essential for, tubule formation by caveolin-1-GFP. This effect may require only a low amount of Rab8a function, or another Rab may be able to substitute for Rab8 in this process, explaining the lack of effect of Rab8 knockdown.

The small GTPase Arf6 regulates formation of tubules containing EHD proteins ([@B10]) and also those containing Rab8 ([@B29]). In both cases, constitutively active Arf6-Q67L abolishes tubules. Similarly, caveolin-1-GFP--positive long tubules were greatly reduced in cells expressing Arf6-Q67L ([Figure 7](#F7){ref-type="fig"}G). Arf6-Q67L interrupts endocytosis and recycling, and enlarged early endocytic vacuoles accumulate in cells expressing this protein ([@B56]). Caveolin-1-GFP was present together with Arf6-Q67L on vacuoles in SK-BR-3 cells, suggesting that it traffics via an Arf6-regulated pathway ([Figure 7](#F7){ref-type="fig"}K). GPI-anchored proteins are also internalized by an Arf6-regulated pathway ([@B56]). As expected, the GPI-anchored protein PLAP colocalized with caveolin-1-GFP on tubules ([Figure 7](#F7){ref-type="fig"}L).

Thus, caveolin-1 long tubules are closely related to Rab8/EHD protein tubules described previously ([@B29]; [@B74]) and are regulated by many of the same mechanisms. Both are microtubule-dependent, greatly enhanced by LatA, abolished by Arf6-Q67L, and labeled by Rab8 and EHD proteins. Our finding that Rab8Q67L and caveolin-1 synergize to promote tubule accumulation suggests that the two proteins act by different and complementary mechanisms.

To determine whether endogenous caveolin-1 were recruited to GFP-Rab8-Q67L- or myc-EHD3-induced tubules, we expressed these proteins separately in HeLa or MDA-MB-231 cells and examined them together with endogenous caveolin-1. Results were similar in the two cell lines: HeLa cell results are shown in Supplemental Figure 5. Both myc-EHD3 and GFP-Rab8-Q67L formed abundant tubules in these cells. Endogenous caveolin-1 was not present on these tubules, and neither myc-EHD3 nor GFP-Rab8-Q67L noticeably affected the cellular localization of caveolin-1. Caveolin-1 sometimes colocalized with myc-EHD3 and GFP-Rab8-Q67L in punctate structures, and caveolin-1--positive puncta were sometimes close to or at the ends of the tubules (arrows in Supplemental Figure 5). This might reflect a relationship between these structures, or simply association of both with the same microtubules.

Caveolin-1-GFP Short Tubules Depend on the Actin Cytoskeleton but Not on Microtubules
-------------------------------------------------------------------------------------

In addition to the long tubules described above, caveolin-1-GFP expressed in SK-BR-3 cells was also seen on short tubules. These were 2--3 μm long, tortuous and highly branched, and were restricted to the zone just under the plasma membrane that also contained the subcortical actin cytoskeleton ([Figure 8](#F8){ref-type="fig"}A). Short tubules were often closely apposed to cortical actin filaments ([Figure 8](#F8){ref-type="fig"}B). Small punctate caveolin-1-positive structures were also abundant in this region ([Figures 2](#F2){ref-type="fig"}E and [8](#F8){ref-type="fig"}B). Like long tubules, short tubules were derived from the plasma membrane, because they could be labeled by CTxB in 2 min ([Figure 8](#F8){ref-type="fig"}C) and by GFP-PH-PLCδ ([Figure 8](#F8){ref-type="fig"}D) but not by Tf ([Figure 8](#F8){ref-type="fig"}E). Also, like long tubules, short tubules were cholesterol dependent and were not seen in MBCD-treated cells ([Figure 5](#F5){ref-type="fig"}A). Unlike long tubules, however, short tubules did not require microtubules, and in fact they seemed more abundant and extensive in nocodazole-treated cells. By contrast, short tubules required actin filaments and were never seen in LatA-treated cells. Live-cell imaging studies, described next, provided further insight into dynamics and cytoskeletal interactions of long and short tubules.

![Short caveolin-1 tubules in SK-BR-3 cells are linked to actin and derived from the plasma membrane. (A) Section of a caveolin-1-GFP--expressing cell shows short, branched tubules just under the cell surface. (B) Cells expressing caveolin-1-GFP (left) were fixed, permeabilized, and treated with AF-594-phalloidin (middle). A cell section just under the plasma membrane (at the bottom and right of the image), containing short tubules close to actin filaments, is shown. (C) Cells expressing caveolin-1-GFP (left) were incubated with AF-594 CTxB (middle) for 2 min before fixation. Internalized CTxB-labeled puncta and short tubules near the cell periphery. (D) Cells coexpressing GFP-PH-PLCδ (top) and caveolin-1-RFP (middle) were processed for fluorescence microscopy. Caveolin-1-RFP--positive short tubules and puncta are labeled with GFP-PH-PLCδ. (E) Cells expressing caveolin-1-GFP (top) were incubated with AF-594 transferrin (middle) for 5 min. Caveolin-1-GFP--positive short tubules (arrows in merged image; bottom) are not labeled with transferrin. (F) Cells coexpressing caveolin-1-RFP (left) and GFP-myosin IIa (middle) were fixed and examined by fluorescence microscopy. High-magnification views of the boxed region in the merged image (right) are shown beneath each panel. Additional images of the same cell, showing dorsal stress fibers below the zone containing short tubules, are shown in Supplemental Figure 6. Bar in A, 10 μm. Bar in B (applies to B--F), 5 μm.](zmk0131094830008){#F8}

Actomyosin Interactions Exert Tension on Caveolin-1 Tubules
-----------------------------------------------------------

Both long and short tubules were often dynamic, with ends that extended and retracted during observation (Supplemental Movie 3, showing long tubules in a LatA-treated cell, although similar behavior was seen in control cells). In some of these cells, tubules seemed to be pulled from peripheral vacuoles (Supplemental Movie 3; selected frames shown in [Figure 9](#F9){ref-type="fig"}A), although vacuoles near the cell center were less dynamic. Both long and short tubules seemed to be under tension. Segments of long tubules between branch points were generally straight, as if stretched taut (as seen in [Figure 1](#F1){ref-type="fig"}A). Both long and short tubules were unstable, and they broke down fairly quickly. This occurred when tubules snapped, after which ends retracted. The resulting tubule fragments often resolved into motile puncta. Short fragments occasionally broke off and moved away from the parent tubule (data not shown). Short tubule dynamics are shown in Supplemental Movie 4 and Figure 9B and long tubules in Supplemental Movie 5 and Figure 9C. Short tubules behaved identically in control and nocodazole-treated cells. To facilitate viewing, the extensive short tubule network in a nocodazole-treated cell is shown. In [Figure 9](#F9){ref-type="fig"}, B and C, arrows indicate positions where a tubule will have snapped in the next frame shown.

![Dynamics of caveolin-1-GFP--positive tubules and vacuoles in SK-BR-3 cells expressing caveolin-1-GFP and examined by live-cell microscopy. (A) Frames from Supplemental Movie 3 of a LatA-treated cell. Arrow (top right) and arrowhead (bottom left) indicate two vacuoles that are transiently deformed. (B) Frames from Supplemental Movie 4, of a nocodazole-treated cell, showing short tubules. Arrow (second frame) indicates position where the tubule will have snapped by the next frame. (C) Frames from Supplemental Movie 5, showing long tubules. Arrows (second and fourth frames) indicate positions where tubules will have snapped by the next frame. (A--C) Time elapsed (minutes:seconds) after the first frame is shown. Images were captured every 10 s (A and C) or 15 s (B).](zmk0131094830009){#F9}

Total tubule length in cells chosen on the basis of abundant tubules decreased substantially over the time of observation. Although this was true of both long and short tubules, it was easier to quantitate for long tubules. To do this, we measured total tubule length (in 1 focal plane) per cell in a frame captured at the start of observation, and another frame of the same cell taken 10 min later. Total tubule length at the start varied widely between cells (30--200 μm) but decreased by a fairly uniform amount (∼70%) over 10 min ([Table 1](#T1){ref-type="table"}).

###### 

Actin filaments and myosin II function are required for caveolin-1 tubule instability[^a^](#TF1-1){ref-type="table-fn"}

  Construct expressed   Treatment      \% decrease in long tubule length, 10 min
  --------------------- -------------- -------------------------------------------
  Cav-1-GFP             Control        68.5 ± 14.6, n = 8
  Cav-1-GFP             LatA           15.4 ± 10.1, n = 5
  Cav-1-RFP             Control        67.2 ± 14.2, n = 5
  Cav-1-RFP             Blebbistatin   10.0 ± 4.8, n = 5

^a^ Caveolin-1-GFP or caveolin-1-RFP as indicated was expressed in SK-BR-3 cells grown on glass-bottomed dishes for live-cell imaging. Cells were left untreated (control) or treated with LatA or blebbistatin for 30 min as indicated. Movies were made of cells chosen for the presence of abundant tubules. The total length of long tubules in one focal plane of one cell in a frame near the start of the movie, and a frame of the same movie taken 10 min later were measured, and the percentage of decrease in tubule length was calculated. Average percentage of decrease in tubule length in the indicated number of cells, ± SD, is shown.

Long tubules were abundant and often remained highly dynamic after LatA treatment. Nevertheless, LatA affected tubule morphology and behavior. Long tubules in LatA-treated cells sometimes had a curved, slack appearance, suggesting they were under less tension than tubules in control cells ([Figure 2](#F2){ref-type="fig"}D). A section of the control cell shown in [Figure 1](#F1){ref-type="fig"}A is shown for comparison ([Figure 2](#F2){ref-type="fig"}C). This relaxed tubule morphology was not seen in control cells. Furthermore, live-cell imaging showed that long tubules in LatA-treated cells rarely snapped and did not decline in abundance over the time of observation (Supplemental Movie 6 and Table 1). Together, these results suggested that long tubules interacted with actin filaments as well as microtubules and that interactions with the actin cytoskeleton induced strain on the tubules and enhanced their breakdown. Consistent with the possibility of such an interaction, long tubules often extended into the actin-rich zone just beneath the plasma membrane ([Figure 2](#F2){ref-type="fig"}E).

Myosin II is responsible for cortical tension in the actomyosin cytoskeleton ([@B60]; [@B12]). Myosin II is present in stress fibers. In addition to the familiar ventral stress fibers near the bottom of the cell, myosin II is also present in dorsal stress fibers and transverse arcs close to the top of the cell ([@B66]). GFP-myosin IIa and GFP-myosin IIb had similar localization patterns when expressed in SK-BR-3 cells. Both were present in stress fibers near both dorsal and ventral surfaces of transfected SK-BR-3 cells. (Because we could not distinguish dorsal stress fibers and transverse arcs, we refer to all stress fibers near the dorsal cell surface as dorsal.) Neither short nor long caveolin-1 tubules were closely associated with stress fibers in either location. However, GFP-myosin IIa-positive puncta and short filaments were also seen in a zone above the layer of dorsal stress fibers, just under the dorsal cell surface. Caveolin-1 short tubules were localized to this zone and were often closely associated with GFP-myosin IIa in this region ([Figure 8](#F8){ref-type="fig"}F and Supplemental Figure 6).

To determine whether myosin II exerted tension on caveolin-1 long tubules, we examined tubule stability in cells treated with the myosin II inhibitor blebbistatin. As blebbistatin induces phototoxicity in live cells expressing GFP-tagged proteins ([@B38]), we expressed caveolin-1-RFP in these experiments. Rapid bleaching of RFP made tubule dynamics harder to visualize than in cells expressing caveolin-1-GFP. Nevertheless, caveolin-1-RFP tubules showed similar behavior to caveolin-1-GFP tubules. Tubules snapped, and tubule length decreased over time (Supplemental Movie 7 and Table 1). By contrast, tubule snapping was less frequent in blebbistatin-treated cells, and tubules remained more stable (Supplemental Movie 8 and Table 1). We conclude that myosin II induces tension on caveolin-1--positive membrane tubules, leading to snapping and destabilization.

DISCUSSION
==========

Caveolin-1 Tubule Formation and Dynamics
----------------------------------------

Although tubules were seen in only a small fraction of cells, they were often abundant in these cells. This suggests that a triggering event (possibly a stochastic spike in signaling activity) in an individual cell occasionally leads to rapid and sometimes abundant tubule formation. The fact that we did not observe tubules forming de novo suggests that this event is rare. Our results suggest that microtubule-dependent motors at the tips of long tubules pull membrane tubules inward from the plasma membrane as the motors move along microtubules. Short tubules do not interact with microtubule-dependent motors but may be formed by an analogous process involving cortical actin filaments and myosin II. Long tubules also bind actomyosin: this interaction exerts tension on both long and short tubules, causing them to break. LatA increases long tubule abundance at least in part by stabilizing the tubules: we do not know whether LatA also increases the rate of tubule formation.

Caveolins have been proposed to deform the plasma membrane to form caveolae ([@B89]). Our results suggest that caveolin-1 may deform the plasma membrane to form tubules in cancer cells by the same mechanism. Our results suggest that PTRF/cavin-1 is an important inhibitor of caveolin-1 tubule formation. We showed for the first time that PTRF/cavin-1 and caveolin-1 are lost coordinately in cancer cells. The lack of PTRF/cavin-1 in these cells explained the ability of caveolin-1 to form tubules upon reexpression. The fact that depletion of PTRF/cavin-1 in MDA-MB-231 cells permitted tubule formation by endogenous caveolin-1 suggests that this mechanism is important in normal cells as well. These findings define an important new role for PTRF/cavin-1 in regulating caveolin-1 membrane dynamics.

In contrast to this activity of PTRF/cavin-1, the closely related protein SDPR/cavin-2 enlarges caveolae when expressed at moderate levels, and stimulates tubule formation at high levels ([@B28]). PTRF/cavin-1 and SDPR/cavin-2 can bind each other and are both present in caveolae. It is possible that interaction between these proteins, one promoting and one inhibiting membrane deformation, may help fine-tune the extent of caveolae formation.

Caveolin-1 tubule accumulation in normal cells might also be reduced by dynamin-mediated scission, as we found that overexpressing dynamin-2 reduced tubule formation. It remains unclear why dynamin-2 should act less efficiently in caveolar scission in cancer cells than normal cells, when other dynamin-dependent process (such as clathrin-mediated endocytosis) seem normal. Furthermore, we do not know why inhibiting dynamin function also abolished caveolin-1 tubules. Dynamins are multifunctional and participate in functions independent of scission, often together with actin ([@B40]). Different dynamin-dependent effects may affect caveolin-1 tubules in different ways.

How Caveolin-1 Tubules Associate with Cytoskeleton
--------------------------------------------------

Caveolae are closely associated with actin filaments and microtubules ([@B72]). Caveolin-1-GFP--positive vesicles move in a bidirectional, microtubule-dependent manner, showing that they bind microtubules ([@B52]). Lateral mobility of caveolae in the plasma membrane increases dramatically upon disruption of actin filaments, suggesting that caveolae are directly linked to actin filaments ([@B52]; [@B65]; [@B94]). However, the low mobility of caveolae might also be explained by steric trapping of caveolae in the cortical actin meshwork ([@B93]).

We found that caveolin-1 long tubules were linked both to microtubules and actin filaments, whereas short tubules bound actin filaments. Tubules in SK-BR-3 cells probably interact with cytoskeletal elements in the same manner as caveolae in normal cells. If so, then this interaction would induce tension on caveolae, although their morphology would make this hard to detect. As detailed next, this tension might aid in caveolar scission from the membrane, as has been suggested to occur in scission of clathrin-coated vesicles. In addition, in a role that may be unique to caveolae, constitutive tension on caveolar membranes might contribute to their function, explaining how caveolin-1 regulates processes that depend on the actin cytoskeleton. At least two such functions have been described: mechanosensation ([@B62]) and directional cell migration ([@B92]; [@B25]). Actomyosin-induced stretching might alter the conformation of caveolin-1 or another caveolar protein that sensed tension, as occurs for some actin-binding proteins ([@B96]). Alternatively, mechanical force might affect the membrane elasticity of the raft-like caveolar membrane, thereby affecting the function of caveolar proteins by changing the physical properties of the surrounding bilayer, as suggested previously ([@B62]). By such mechanisms, local changes in actomyosin-induced tension on the caveolar membrane could differentially affect the function of caveolar proteins in different regions of the cell surface.

Role of Tension in Caveolin-1 Tubule Scission
---------------------------------------------

Several groups have studied microtubule-dependent tubule formation in vitro. In early studies, tubules formed when motors were added to ER- or Golgi-derived vesicles in contact with microtubules immobilized on a solid support ([@B14]; [@B2]). Later work showed that motors bound to artificial liposomes placed on immobilized microtubules could pull tubules from the liposomes ([@B77]; [@B39]; [@B84]). These tubules resembled the long caveolin-1--dependent tubules we observed, suggesting that they formed by a similar mechanism. As we saw for caveolin-1--positive long tubules, microtubule-dependent tubules formed in vitro do not always precisely colocalize with microtubules ([@B2]). In the in vitro studies, this probably resulted from the fact that motors were concentrated at the tips of tubules ([@B2]; [@B84]). [@B84] proposed that lipid-bound microtubule motors can concentrate at tubule tips because motor off-rate is inversely proportional to force and noted that lipid-bound motors on a tubule cannot exert force unless they are at a tubule tip ([@B84]). Further work is required to determine whether microtubule motors on caveolin-1--positive membranes show similar characteristics.

Although tubule ends might extend and retract ([@B39]), tubule breakage in microtubule-dependent in vitro systems has not been widely reported. Similarly, we observed little tubule breakage in LatA-treated cells, although long tubules presumably interacted with microtubule-dependent motors and microtubules. This suggested that microtubule-dependent motors do not exert enough force to break the tubules; they would probably stall before that could occur. By contrast, in untreated SK-BR-3 cells, both long and short caveolin-1 tubules often broke, after which ends retracted. The different behavior of long tubules in control and LatA- or blebbistatin-treated cells showed that actomyosin interactions were required for tubule breakage, probably by increasing tension on the tubules. The same was probably true of short tubules, which were closely associated with actin and myosin II filaments, although we could not show this directly as short tubules required actin filaments to form. This tension might have been sufficient to break tubules. Alternatively, tubule scission might have been mediated by proteins. Dynamins can break tubules in vitro, but only if the tubules are under tension ([@B78]). This property has been proposed to help explain how actin and dynamin cooperate in scission of clathrin-coated vesicles from the plasma membrane ([@B78]). New actin polymerization at the site of clathrin-coated pit formation may stretch the nascent pit, pushing it away from the membrane ([@B35]; [@B48]). The resulting tension in the neck of the pit has been suggested to facilitate scission by dynamins ([@B78]). Caveolar endocytosis also depends on dynamins ([@B57]; [@B65]), and tension might be induced in the same manner as in clathrin-coated pits. However, as caveolae are probably linked to actin filaments even when they are not undergoing endocytosis ([@B72]), they may experience constitutive tension. Dynamins might use this tension, rather than tension induced by a protrusive effect of new actin polymerization pushing against a membrane just before scission occurs, in caveolar endocytosis. Dynamins, or possibly EHD proteins, might cleave caveolin-1--positive tubules in SK-BR-3 cells in a tension-dependent manner. The increased frequency of long tubules we observed in LatA-treated cells might reflect increased tubule stability under conditions where breakage was inhibited. Further work will show whether actomyosin-induced tension on caveolae underlies the function of caveolin-1 in actin-related functions such as mechanosensation and directional cell migration.

Relationship of Caveolin-1 Tubules to EHD Proteins and Rab8
-----------------------------------------------------------

Both EHD proteins and Rab8 colocalized with caveolin-1 on tubules. Tubular localization of both EHD proteins and Rab8 has been reported previously ([@B10]; [@B21]; [@B29]; [@B74]; [@B34]), and EHD proteins and Rab8 were present on the same tubules when coexpressed in HeLa cells ([@B74]; [@B34]). Like caveolin-1 long tubules, these tubules are microtubule dependent and regulated by Arf6. In addition, actin depolymerization increases the frequency of both caveolin-1 tubules and Rab8 tubules. Together with the fact that caveolin-1 colocalized with both EHD proteins and Rab8 on tubules, these observations suggested that tubules containing the three proteins were formed and regulated by similar mechanisms.

EHD proteins have structural and mechanistic features in common with dynamins, although they hydrolyze ATP instead of guanosine triphosphate ([@B15]). Like dynamins, purified EHD2 can tubulate model membranes, oligomerizing to form ring-like structures around the tubules ([@B15]). An EHD2 mutant defective for ATP hydrolysis was associated with tubules more frequently, and with small vesicles less frequently, than the wild-type protein when expressed in HeLa cells ([@B15]). This suggested that EHD proteins, like dynamins, might mediate vesicle scission in a manner that depends on nucleotide hydrolysis. Membrane-stimulated nucleotide hydrolysis by EHD2 is 600-fold slower than by dynamin ([@B15]), possibly explaining why overexpressed wild-type EHD proteins sometimes localize to tubules, whereas dynamin does not.

Rab8 probably localizes to tubules and induces tubule formation indirectly, through tubule-promoting effector proteins. It is possible that these include EHD proteins. Our finding that caveolin-1-GFP colocalized with both Rab8 and EHD proteins on tubules raised the possibility that the proteins function together, possibly in recycling ([@B53]; [@B34]). Alternatively, EHD proteins might be recruited to caveolin-1 tubules because of their structure. Structural characterization suggested that EHD2 has a highly curved membrane interaction domain ([@B15]). This structure would allow the protein to tubulate membranes and should also favor its recruitment to preexisting highly curved membrane tubules. EHD proteins bind phosphoinositides, sometimes with unusually low specificity ([@B8]; [@B54]; [@B15]). The presence of PI(4,5)P~2~ or another phosphoinositide on caveolin-1-GFP tubules, together with their high curvature, may be sufficient to recruit EHD proteins.
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AF

:   AlexaFluor

CTxB

:   cholera toxin B subunit

LatA

:   latrunculin A

MBCD

:   methyl-β-cyclodextrin

Tf
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